Abstract-The generation of plasmas in water by high-power laser pulses was investigated for pulse durations between 100 ns and 100 fs on the basis of a rate equation for the free electron density. The rate equation was numerically solved to calculate the evolution of the electron density during the laser pulse and to determine the absorption coefficient and energy density of the plasma. For nanosecond laser pulses, the generation of free electrons in distilled water is initiated by multiphoton ionization but then dominated by cascade ionization. For shorter laser pulses, multiphoton ionization gains ever more importance, and collision and recombination losses during breakdown diminish. The corresponding changes in the evolution of the free carrier density explain the reduction of the energy threshold for breakdown and of the plasma energy density observed with decreasing laser pulse duration. By solving the rate equation, we could also explain the complex pulse duration dependence of plasma transmission found in previous experiments. Good quantitative agreement was found between calculated and measured values for the breakdown threshold, plasma absorption coefficient, and plasma energy density.
I. INTRODUCTION
W HEN high-power laser pulses are focused into transparent media, the medium suddenly becomes opaque to the laser radiation as soon as a certain irradiance threshold is surpassed. The sudden rise in the absorption coefficient is due to the formation of a dense, optically absorbing plasma. Plasma formation, also known as laser-induced breakdown, has been observed in gases [1] , [2] , solids [3] , [4] , and liquids [5] , [6] . It leads to rapid heating of the material in the focal volume, followed by its explosive expansion and the emission of a shock wave. The expansion of the heated volume further results in the formation of a cavity if it occurs in solids [7] or of a cavitation bubble if it takes place in liquids [8] .
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Laser-induced breakdown in condensed media has been studied mainly in solids because of its importance for damage to optical components in high power laser systems. In recent years, however, optical breakdown in liquids has gained considerable interest because breakdown in aqueous fluids found various therapeutic applications in laser medicine. Examples are ophthalmic microsurgery [9] , [10] , laser lithotripsy [10] , [11] , and angioplasty [12] . The interest was further stimulated by the advent of compact femtosecond laser systems which enormously widened the range of pulse durations available for plasma-mediated laser surgery. Laser-induced breakdown in aqueous and ocular media is also of great importance in the field of laser safety, as it is a possible mechanism for ocular damage by short and ultrashort laser pulses [13] .
Key parameters for a characterization of laser-induced breakdown events are: 1) the breakdown threshold; 2) the absorption by the plasma created; and 3) the energy density reached within the plasma. The radiant exposure threshold for breakdown determines the minimum achievable size of the laser effect used for material processing or laser surgery. The absorption of the plasma determines how much energy is coupled into the medium and how much energy is transmitted past the target area. It is thus important for the efficacy and safety of a laser surgical process if performed near sensitive biologic structures as, for example, the retina. The plasma energy density, on the other hand, is closely linked to the strength of the mechanical effects (shock waves and cavitation) associated with breakdown. It determines how strongly disruptive the breakdown event is and how much mechanical damage is caused in the vicinity of the laser focus [14] , [15] .
Recent experimental investigations of plasma formation in water revealed the following trends for the pulse duration dependence of the above listed key parameters: 1) when the pulse duration is reduced from 100 ns to 100 fs, the irradiance threshold for breakdown increases from 10 W cm to 10 W cm , but the radiant exposure threshold decreases from 10 J cm to 1 J cm [16] , [17] ; 2) the plasma transmission is small for pulse durations in the nanosecond range, increases considerably for picosecond pulses, with a maximum around 3 ps, and decreases again for femtosecond 0018 -9197/99$10.00 © 1999 IEEE pulses [17] , [18] ; and 3) the plasma energy density is more than one order of magnitude smaller with femtosecond pulses than with nanosecond pulses [17] , [19] .
It is the aim of this paper to obtain a better theoretical understanding of these trends. Whereas earlier attempts to model laser-induced breakdown in condensed media [20] - [25] were mostly restricted to the investigation of the breakdown threshold, we examined not only the threshold values but also the evolution of the free electron density during the laser pulse. This enabled us to analyze the interplay between multiphoton ionization, impact ionization, and recombination during the laser pulse, and to calculate the absorption coefficient and the energy density of the plasmas created. The investigations were performed for pulse durations between 100 fs and 100 ns for wavelengths between 532 and 1064 nm. The results are compared to the findings of previous experimental investigations.
II. THEORY

A. Rate Equation for Optical Breakdown
The interaction of strong electromagnetic radiation fields with the electrons in a condensed medium with a bandgap larger than the photon energy can lead to the generation of quasi-free electrons in the conduction band through nonlinear processes such as multiphoton ionization or the tunnel effect [26] . These free charges can subsequently gain sufficient kinetic energy from the electric field by inverse bremsstrahlung absorption to produce more free carriers through impact ionization [20] . (Throughout the paper, we use the terms "free" carriers and "ionization" as abbreviations for "quasi-free" carriers and "excitation into the conduction band.") The rapid ionization of the medium leads to plasma formation and to a drastic increase of the absorption coefficient, which in turn gives rise to a rapid energy transfer from the radiation field to the medium. This process is called optical breakdown or laserinduced breakdown when the free electron density exceeds a critical value of 10 10 cm [4] , [20] , [21] . At this value, the plasma is dense enough to absorb a significant fraction of the laser light.
In order to determine the irradiance required to produce breakdown, the evolution of the free electron density under the influence of the laser pulse has to be calculated. Several authors have used rate equations to calculate breakdown thresholds for various laser parameters [20] - [24] . The generic form of such a rate equation is (1) The first two terms describe electron generation through multiphoton absorption and cascade ionization ( ). The remaining terms account for the diffusion of electrons out of the focal volume ( ) and for recombination losses ( ). Most previous investigations have either neglected multiphoton ionization [20] , [22] or recombination [21] , [25] and were focused on the breakdown thresholds. We include all four terms in the analysis and, in addition to the threshold calculations, also investigate the absorption and energy density of the plasma.
The dynamics of the electron plasma should strictly be described by a Fokker-Planck equation for the electron energy distribution function [1] , [23] . This approach allows for a complete description of the energy-dependent scattering rates and diffusion of the distribution function as the plasma evolves. However, the detailed scattering rates are not available for water as they are, for example, for silicon [23] , and we therefore use the simpler model of (1) in which the timevarying ionization cross sections are replaced by constant rates. Stuart et al. [23] showed that, for pulse durations below a few picoseconds, the results obtained with the rate equation for optical breakdown in silicon are in excellent agreement with the solution of the Fokker-Planck equation. For longer pulse durations, scattering rates become functions of time due to the heating of the breakdown volume during the pulse by the energy transferred from the free electrons. However, since high temperatures at pulse energies close to the breakdown threshold are only reached late in the laser pulse, we assume that the value of the breakdown threshold is negligibly influenced by the changes of scattering rates. The influence of these changes on the plasma energy density is probably stronger, as will be discussed in Section V-D.
B. Multiphoton Ionization
To ionize an atom or molecule with an ionization energy , photons are required [26] . Thus, the multiphoton ionization rate will be proportional to , where is the laser light irradiance. Keldysh derived an approximate expression for the multiphoton ionization rate in condensed media. For the limiting condition that the optical frequency is much larger than the tunneling frequency, it has the form [21] , [26] The meanings of all symbols used in this paper are summarized in Table I .
Following Sacchi [6] and Kennedy [5] , [21] , we assume that water can be treated as an amorphous semiconductor with a bandgap eV [27] , and that optical breakdown in water can be described as the formation of an electron-hole plasma.
C. Cascade Ionization
Once quasi-free electrons are generated in the conduction band, they gain energy from the electric field through inverse bremsstrahlung absorption. Conservation of momentum requires that the absorption of photons from the laser pulse takes The calculations were performed for breakdown in pure water, cr = 10 20 cm 03 , and a spot size of 5 m. For each pulse duration, the threshold irradiance I th at which the curves were calculated is indicated in the plot. Besides the total free electron concentration (solid curve), the concentration due to multiphoton absorption alone (dotted curve) is plotted as a function of time. The time axis has been normalized to the laser pulse duration L . modeled assuming that one free electron is already present in the focal volume at the beginning of the laser pulse.
A. Breakdown Thresholds and Evolution of the Free Electron Density
To calculate the threshold irradiance required to produce breakdown for a given wavelength and pulse duration , (1) was iteratively solved for different irradiance values until the maximum electron density during the laser pulse equaled the critical electron density for optical breakdown.
The critical free electron density in laser-produced plasmas was previously estimated from spectroscopic measurements of the plasma temperature and plasma absorption data to be on the order of 10 -10 cm [4] , [20] , [21] , [31] . We used a critical electron density of cm in all calculations, if not mentioned otherwise. At significantly lower electron densities, the total energy density transferred into the medium remains well below the heat of evaporation and the formation of a vapor bubble which is always observed after optical breakdown in liquids cannot be explained. An upper limit for is given by the requirement that the plasma frequency must remain below the light frequency in order to efficiently couple energy into the plasma. At electron densities higher than , the plasma becomes highly reflective and the incoming laser light leads to a growth of the plasma volume rather than to a further increase of the electron density [30] . The electron density is thus limited to a maximum value of approximately 3.4 10 for 580 nm and 1.0 10 cm for 1064 nm.
B. Absorption Coefficient of the Plasma
It was shown by Feng et al. [24] that for pulse durations longer than 40 fs the generation of free electrons is dominated by cascade ionization (see also Fig. 1 ). It is, therefore, reasonable to assume that inverse bremsstrahlung absorption is the dominant absorption process for these pulse durations. The time-averaged absorption coefficient of the plasma can thus be estimated by (7) where the first factor corresponds to the absorption cross section for inverse bremsstrahlung absorption (first term in (4), multiplied by ), and the second factor gives the overlap of the free electron density with the laser pulse.
C. Energy Density
For femtosecond pulses, where recombination and collisional losses during the laser pulse play only a minor role, the plasma energy density can be estimated by the energy required to produce the critical electron density, i.e., by , where represents the ionization energy plus the average kinetic energy of a free electron. Our assumption that each electron whose kinetic energy exceeds the ionization energy shortly produces another free electron implies that the kinetic energies in the ensemble of quasi-free electrons are between 0 and . The mean kinetic energy is thus , and the energy density at the end of the laser pulse is . For longer laser pulses, however, this will significantly underestimate the energy density in the plasma, because during the laser pulse the electrons transfer significant amounts of energy to the heavy plasma particles through collisional losses and recombination. A more general estimate for the energy density is therefore obtained by integrating the terms for collisional and recombination losses from (1) and (4) as (8) For femtosecond pulses, this expression is identical to the above estimate, since all free electrons generated during the laser pulse will finally recombine. Fig. 1 shows the evolution of the free electron density in pure water for selected pulse durations at wavelengths of 580 and 1064 nm. For nanosecond pulses, the free electron density grows initially only slowly by multiphoton ionization. However, as soon as the first electron is generated in the focal volume, cascade ionization starts and immediately dominates the production of free electrons. This results in a multiplication of free electrons by several orders of magnitude in less than a nanosecond. When high electron concentrations close to the critical electron density are reached, the exponential growth of the carrier density is slowed down by the onset of electron-ion recombination ( ). A dynamic equilibrium between the free electron generation and electron losses is established during this phase, and therefore the electron concentration follows the time evolution of the irradiance during the laser pulse. On the trailing edge of the laser pulse, electron recombination can no longer be compensated for by the production of free electrons because of the decreasing irradiance. Thus, the free electron density decreases rapidly at the end of the laser pulse. The amount of free electrons produced by cascade ionization is 9-11 orders of magnitude larger than the contribution from multiphoton ionization.
IV. RESULTS
A. Evolution of the Free Electron Density
When the pulse duration is shortened below the rise time of the electron cascade, a higher ionization rate is required to reach the critical electron density. The threshold irradiance must thus increase with decreasing laser pulse duration. This favors the generation of free electrons through multiphoton ionization because of its stronger irradiance dependence [as opposed to for the cascade ionization rate, see (3) and (4)]. Multiphoton ionization becomes, therefore, increasingly important with decreasing laser pulse duration. The role of multiphoton ionization is particularly pronounced at 580 nm where the difference in cascade and multiphoton ionization rates is smaller than at 1064 nm.
At 100-fs pulse duration, the breakdown process is dominated by multiphoton ionization until approximately the maximum of the laser pulse. At that time, the number of free electrons is so large that avalanche ionization starts to govern Fig. 2 . Evolution of the free electron density at breakdown threshold for 6-ns pulses when a background electron density is present due to impurities. The background electron density is chosen such that one seed electron is present in the focal volume at the beginning of the laser pulse. The calculations were performed for cr = 10 20 cm 03 and a spot size of 5 m. Besides the total free electron concentration (solid curve), the concentration due to the background electron density and multiphoton absorption is plotted as a function of time (dotted curve). The time axis is normalized to the laser pulse duration L . the breakdown dynamics. At the end of the laser pulse, 100-1000 times more free electrons have been produced by avalanche ionization than by multiphoton ionization (the actual ratio is wavelength-dependent). Only for pulse durations below 40 fs, multiphoton ionization becomes, for visible wavelengths, the dominant process throughout the whole laser pulse, in agreement with the findings in [23] and [24] . For infrared wavelengths, most free electrons are produced by cascade ionization even for a 10-fs pulse duration.
Recombination during the laser pulse is an important process for nanosecond pulses, but its influence becomes negligible for pulse durations of 30 ps and shorter because the recombination is then slow compared to the laser pulse duration. Fig. 2 shows the evolution of the free electron density for a 6-ns pulse duration when a background electron density is present due to impurities. The electron density was chosen such that one seed electron is available in the focal volume already at the beginning of the laser pulse. As no multiphoton processes are required to initiate the avalanche, the threshold irradiance for 1064 nm is considerably lower than in pure water, and the breakdown cascade proceeds more slowly. The threshold irradiance is now, regardless of wavelength, determined by the value needed to overcome recombination losses. For pulses in the lower picosecond and femtosecond range, the time evolution in the presence of impurities is similar to that in pure water ( Fig. 1 ) and therefore not shown here. Fig. 3 shows the irradiance threshold as a function of pulse duration for pure water and for water with seed electrons provided by impurities. When impurities are present, the threshold for nanosecond pulses corresponds to the irradiance needed to equilibrate the recombination losses at the critical electron density cm . The pulse duration dependence in this region is, therefore, very weak. When the pulse duration is reduced below the recombination time, the threshold is determined by the irradiance required to complete the breakdown cascade during the laser pulse. The pulse duration dependence in this region is proportional to . For pulse durations below 100 fs, where multiphoton ionization starts to play an ever larger role, the irradiance dependence becomes weaker again. It approaches in the regime of dominant multiphoton ionization (below 40 fs for 580 nm).
B. Breakdown Thresholds 1) Threshold Irradiance:
The threshold values are always lower at 1064 nm than at visible wavelengths, because the cascade ionization rate increases with wavelength [see (4)].
When the breakdown occurs in pure water [ Fig. 3(a) ], the thresholds at visible wavelengths are identical to those found in impure media. This is because seed electrons can be generated by multiphoton ionization at an irradiance lower than that required to overcome the recombination losses at . At 1064 nm, however, a much higher irradiance is needed for multiphoton ionization, and the breakdown threshold is, hence, determined by the irradiance necessary to provide the start electrons for the breakdown cascade. At 1-ns pulse duration and 5-m spotsize, the threshold calculated for pure water is 6 times higher than the value obtained for impure water. The threshold remains constant as long as the pulses are longer than the rise time of the cascade. When the pulse duration is reduced below this value, the irradiance must increase for the avalanche to be completed during the laser pulse. This raises the probability of multiphoton processes, and the multiphoton generation of seed electrons ceases to be the critical hurdle for the breakdown process. At pulse durations between 20 and 5 ps, the difference between the breakdown dynamics and the threshold values for pure and impure media diminishes.
2) Free Electron Density Near Threshold: Fig. 4 shows the maximum free electron density as a function of the irradiance near threshold. The calculations were performed for pure water. The slope of the function represents the sharpness of the threshold phenomena and of the transition between plasma and nonplasma regions. For 6-ns pulses, a sharp increase of the free electron density is observed at threshold (1064 nm) or slightly below threshold (580 nm) because the cascade ionization proceeds up to the critical electron density, or to a value close to , as soon as the peak irradiance in the pulse is high enough to provide a start electron for the cascade. At superthreshold irradiance, is limited by the increasing influence of recombination ( ). The irradiance dependence of the maximum free electron density becomes continuously weaker with decreasing pulse duration. The smooth increase for femtosecond pulses reflects mainly the irradiance dependence of the multiphoton ionization rate. With femtosecond pulses, the maximum electron density is not limited by recombination processes, because the laser pulse duration is much shorter than the recombination time.
C. Absorption Coefficient
The different evolution of the free electron concentration for different pulse durations (Fig. 1 ) results in variations of the plasma absorption, because inverse bremsstrahlung absorption depends on the number of free electrons in the interaction volume. The time averaged plasma absorption coefficient , which was calculated according to (7) , is plotted as a function of pulse duration in Fig. 5 . For nanosecond pulses, is approximately constant, with a value of about 815 cm at a wavelength of 580 nm. The constant absorption coefficient results from the fact that the evolution of the free electron density is very similar for all pulse durations in the nanosecond regime. During the first part of the laser pulse, the free electron density is almost negligible, but very soon high values close to the critical electron density prevail (Fig. 1) .
When the pulse duration is reduced below 1 ns, decreases and reaches a minimum value of 110 cm around 3 ps. The decrease is due to the fact that a high electron concentration is now reached only later during the laser pulse, after the irradiance maximum is surpassed (Fig. 1) . The absorption coefficient grows again in the femtosecond domain, because the increasingly strong generation of free electrons by multiphoton absorption results in an earlier rise of the free electron density.
At 1064 nm, the -curve is not plotted for pulse durations above 10 ps, because near threshold the final electron density depends so strongly on the irradiance (Fig. 4) that numerical round-off errors led to large variations in the calculated value of the maximum electron density and thus also in . The trends shown by the calculations were, however, very similar to the pulse duration dependence observed for 580 nm. The absolute value of the absorption coefficient in the nanosecond regime was about 1200 cm . Fig. 6 shows the energy density in the breakdown volume as a function of pulse duration. The parameter dependence of may differ from that of the radiant exposure threshold because it refers to the absorbed fraction of the light energy whereas the radiant exposure relates to the total amount of incident light energy. The energy density was calculated using (8) and assuming cm . It decreases from values exceeding 100 kJ/cm for 100 ns-pulses to J/cm for femtosecond pulses, i.e., far below the evaporation enthalpy of water (2.5 kJ/cm at room temperature). For nanosecond pulses, the energy density is roughly proportional to the laser pulse duration (Fig. 3) . For pulse durations below 10 ps, hardly any change in energy density is observed.
D. Energy Density
The energy densities calculated in the picosecond and femtosecond domain are almost identical for 1064 and 580 nm (dashed and solid lines) because, at these pulse durations, the evolution of the free electron density is similar for both wavelengths (Fig. 1) . For pulse durations longer than 10 ps, the energy density at 1064 nm could not be estimated accurately due to the explosive growth of the electron density near threshold (Fig. 4) .
V. DISCUSSION
A. Evolution of the Free Electron Density
The results of the calculations of the evolution of the free electron density characterize the interplay of multiphoton ionization, cascade ionization, and recombination during the breakdown process. They suggest that, for nanosecond pulses at infrared wavelengths, the breakdown threshold in pure water is determined by the irradiance required to produce the first free electron by multiphoton absorption. At that irradiance, which is reached at the maximum of the laser pulse, the cascade ionization rate is so high that the breakdown cascade proceeds almost instantaneously to the critical electron density (Fig. 1) . Plasma formation is, therefore, completed already very shortly after the peak of the laser pulse. These findings are in agreement with the results of previous experimental investigations of plasma formation in distilled water [16] , [30] , [32] . The behavior differs at visible wavelengths, where the difference between the multiphoton and cascade ionization rates is much smaller. Due to the higher probability for multiphoton ionization, the electron density rises well before the maximum irradiance is reached, and the threshold is therefore determined by the interplay between cascade ionization and recombination. Since the ionization cascade is slowed down by recombination processes, the critical electron density here is also reached only at the peak of the laser pulse.
In the femtosecond domain, most free electrons during the first half of the laser pulse are created by multiphoton ionization. However, since the number of electrons created by cascade ionization increases exponentially in time whereas the number increases only linearily by multiphoton ionization, cascade ionization dominates nevertheless even in the femtosecond domain. We found that only for pulse durations below 40-fs multiphoton ionization becomes the dominant process, in accord with the results of other authors [23] , [24] .
Recent investigations by Du et al. [34] and Lenzner et al. [25] raised the question whether the Keldysh theory (3) yields correct multiphoton ionization rates for condensed matter, because it does not consider the influence of collisions on electrons in the valence band. Lenzner et al. fitted (1) without diffusion and recombination terms to femtosecond breakdown threshold data for barium aluminum borosilicate glass (BBS, bandgap 4 eV) and fused silica (bandgap 9 eV). The best fit was obtained with a multiphoton ionization rate which was two and six orders of magnitude smaller than the rates predicted by the Keldysh theory for BBS and fused silica, respectively. Comparable investigations for water have not yet been performed. It is worthwhile noting, however, that a smaller multiphoton ionization rate than assumed in our calculations will not change the qualitative picture of the interplay between the multiphoton and cascade ionization portrayed in Fig. 1 . As already mentioned above, there is convincing evidence that multiphoton ionization is necessary for the initiation of nanosecond breakdown in pure water, because the thresholds measured in distilled water with 6-ns pulses at 1064 nm were one order of magnitude higher than the irradiance values required for avalanche ionization alone [30] . In the femtosecond domain, on the other hand, large numbers of free electrons must be produced by multiphoton ionization to overcome the time constraints given by the fact that each doubling sequence in the avalanche takes a minimum time of . For nm, for example, is 6, and the minimum doubling time is 6 fs. If not every collision is coupled with an inverse bremsstrahlung event, the doubling time may even be considerably longer. Assuming fs, a cascade starting from one seed electron can produce no more than free electrons within a 100-fs pulse-regardless of the irradiance of the incident laser light. The amplification factor of 10 implies that a free electron density of 10 cm must be produced by multiphoton ionization to reach the critical electron density cm . If the multiphoton ionization rate is overestimated by the Keldysh theory, this will thus only influence the breakdown threshold values, but it cannot affect the principle pattern presented in Fig. 1 . The corresponding changes of the threshold intensities will be relatively small, because the number of electrons created by photoionization depends very strongly on the irradiance .
B. Breakdown Thresholds 1) Influence of Impurities:
For visible wavelengths, our calculations yield no difference between the breakdown thresholds in pure water and in the presence of impurities. This result has been verified by the experimental results reported by Kennedy et al. [16] . A strong influence of impurities is, however, predicted for infrared wavelengths and long pulse durations, where the creation of the first electron is the prerequisite for the whole breakdown process. Impurities facilitate the generation of the initial electrons and can thus largely change the temporal evolution of the electron density (Fig. 2) and reduce the breakdown threshold [ Fig. 3(b) ]. The calculations yield a reduction of the breakdown threshold by a factor of 6 for a spot size of 5 m. This compares well with experimental results where the ratio of the threshold values in distilled and tap water varies between 2 and 7, depending on spot size (see the review of experimental data given in [16] ). For pulse durations shorter than 20 ps, the threshold irradiance must be so high to complete the ionization cascade during the laser pulse that the initial electrons can be readily created by multiphoton ionization and the impurity dependence disappears completely.
2) Threshold Irradiance in Pure Water: Table II lists some values of breakdown thresholds determined experimentally for distilled and filtered water [17] , [19] , [30] along with the threshold values calculated for pure water using our rate equation model. The threshold irradiance was calculated for two values of the critical electron density:
cm , and cm . The comparison of measured and predicted threshold data is an indirect way to determine the critical electron density for optical breakdown in water which has not yet been measured to date.
For nanosecond pulses, the measured and predicted thresholds agree well under the assumption of cm . For 30-ps pulses, however, cm yields a much better agreement, both for infrared and visible wavelengths, and the agreement for this value of remains better also in the femtosecond range. The lower value of for nanosecond pulses can be explained by the fact that the breakdown cascade in this region is limited by recombination processes which play little or no role during picosecond or femtosecond pulses. The high value of cm for the femtosecond pulses is, on the other hand, necessary to create the plasma energy density required for the bubble formation associated with optical breakdown (see Section V-D). It should be emphasized that the electron density of cm does not exceed the limit above which the plasma becomes highly reflective (3 10 cm for 580 nm and 1 10 cm for 1064 nm).
There are two other parameters in our rate equation model that have not been determined experimentally: the initial number of electrons in the focal volume required to start cascade ionization and the mean free time between collisions.
Assumptions of the number of start electrons influence the calculated threshold values for infrared wavelengths and pulse durations above 20 ps (Fig. 3) . Kennedy [21] and Vogel et al. [30] have pointed out that a single start electron might be insufficient to assure the evolution of the electron cascade to the critical density everywhere in the breakdown region. This argument applies particularly for picosecond pulses where the electron diffusion during the laser pulse is negligible. The dependence of the threshold irradiance in the initial number of electrons is, however, fairly weak ( ) because of the strong irradiance dependence of the multiphoton ionization rate (2) .
The mean free time between electron-heavy particle collisions assumed in our calculations is fs, following estimates by Bloembergen [4] and Kennedy [21] . Pronko et al. [35] reported values between 0.5 and 5 fs in silicon. If a value of 5 fs is used for the calculations, the thresholds for 100-fs pulses increase by only approximately 70% for visible and infrared wavelengths. For nanosecond pulses at visible wavelengths, however, the five-fold increase in the mean free time between collisions leads to a four-fold increase of the threshold irradiance, in clear disagreement with the experimental results in Table II . For nanosecond pulses at infrared wavelengths, the thresholds remain the same, because they are determined by the irradiance required to produce the initial free electrons through multiphoton ionization.
3) Free Electron Density Near Threshold:
The calculations of the dependence near threshold predict that the threshold becomes smoother with decreasing pulse duration (Fig. 4) . With nanosecond pulses, the maximum free electron density increases sharply as soon as the peak irradiance in the pulse is high enough to provide a start electron for the impact ionization avalanche. Even though the threshold is sharp, it is, however, probabilistic because the occurrence of breakdown depends on the multiphoton generation of a small number of initial electrons or on the presence of impurities. With pulse durations of 30 ps and, particularly, with femtosecond pulses, the maximum electron density reached during breakdown increases steadily with growing irradiance. Since photoionization occurs already at subthreshold irradiance, many start electrons are always available for avalanche ionization. The breakdown dynamics thus loses much of its probabilistic character and becomes more deterministic [30] , [36] .
At superthreshold irradiance, the prebreakdown effects for femtosecond pulses should result in a region adjacent to the breakdown zone where the medium is heated but the electron density and, therefore, the energy deposition is too low for vaporization to occur. These predictions agree well with experimental observations, where heating of the liquid upstream of the laser-produced bubble was observed by means of a Schlieren technique [17] , [33] (Fig. 7) .
The model suggests the possibility of subthreshold effects, i.e., of energy absorption without the occurrence of breakdown with its associated violent effects, also for 6-ns pulses at 580 nm (Fig. 4) . Such prebreakdown effects, in the form of a slight reduction in transmission without formation of a luminescent plasma, have indeed been observed with 6-ns pulses at 532 nm [32] .
The model predictions for superthreshold irradiance should be interpreted with care, because above threshold plasma is produced also upstream of the focal region [30] , [32] , [37] (Fig. 7) . Our model does not consider the shielding effects of these plasma parts and therefore overestimates the electron densities reached at the beam waist for . This overestimation is particularly strong for femtosecond pulses, where an almost linear increase in electron density is predicted for increasing irradiance (Fig. 4) . The plasma shielding probably prevents that electron densities above 10 cm are reached for which plasma reflection would need to be considered. We found in previous experiments with 6-and 30-ps pulses that the plasma reflection back into the focusing angle is less than 2% for [32] .
C. Absorption Coefficient
The trends predicted for the plasma absorption coefficients (Fig. 5 ) agree very well with recent experimental observations of the pulse duration dependence of plasma transmission [17] - [19] , [32] . Fig. 8 shows that the plasma transmission [8] , and the photograph in (c) is from [17] . The laser light producing breakdown was incident from the right. The bar represents a length of 100 m. After the nanosecond and picosecond pulses, the breakdown region is well delineated. One can see the luminescent plasma as well as the cavitation bubble and the shock wave produced by the plasma expansion, but no other changes are observed in the surrounding liquid. In contrast, 2 s after the femtosecond pulse, (c) refractive index changes are visible in the laser beam path upstream, the cavitation bubble indicating that the liquid has been heated by the laser pulse. The refractive index changes were made visible by slightly defocusing the image. A contribution of acoustic transients to the observed refractive index changes was excluded by taking the photograph after the transients had propagated out of the imaged region.
increases with decreasing laser pulse duration until it reaches a maximum at about 3 ps but decreases again for femtosecond pulses. The reason for this behavior is explained by the evolution of the free electron density in Fig. 1 . For nanosecond pulses at infrared wavelengths, the first half of the laser pulse is almost completely transmitted due to the absence of the free electrons in the focal volume. The other half is, however, almost completely absorbed due to the high electron concentration generated by the rapid cascade ionization. This agrees well with the experimental observation that the transmission through the focal volume drops immediately to 50% when a plasma is formed at threshold energy [32] . With decreasing laser pulse duration, the cascade becomes slower with respect to the laser pulse duration and an increasing fraction of the laser pulse energy is therefore transmitted during the second half of the laser pulse (Fig. 1, 30 ps) . With a further reduction of pulse duration, ever more electrons are generated by multiphoton ionization during the initial phase of the laser pulse. As a consequence, the fraction of laser pulse energy being absorbed increases again.
D. Energy Density at Threshold
The deposition of laser pulse energy into the medium is mediated by the generation and subsequent acceleration of Fig. 8 . Measured transmission through the breakdown volume as a function of pulse duration. All experiments were performed at six times threshold. The wavelength was 750 nm for 76-ns pulses, 1064 nm for 6-ns pulses, 532 nm for 60-ps pulses, and 580 nm for all other pulse durations [19] .
free electrons. The energy gained by the electrons is then transferred to the heavy plasma particles through collisions and recombination, resulting in a heating of the atomic and ionic plasma constituents. Obviously, the number of collisions and recombination events as well as the resulting heating of the heavy plasma particles are proportional to the laser pulse duration. The plasma energy density must therefore increase with increasing laser pulse duration, as shown in Fig. 6 .
For a more detailed analysis of the curve in Fig. 6 , we need to look at the characteristic times for electron cooling (the transfer of kinetic electron energy during collisions) and recombination. The time constant for electron cooling is in the order of only a few picoseconds [38] . The recombination time can be considerably longer than this at low or moderate electron densities, because the frequency of recombination events is proportional to (1) . For cm , it takes about 40 ps until the free electron density decreases by one order of magnitude from its peak value (Fig. 1, 30 ps) .
For femtosecond pulses, the laser pulse duration is shorter than the electron cooling and recombination times. Hardly any energy is transferred during the laser pulse, and the energy density deposited into the breakdown region is, therefore, simply given by the number of the free electrons produced during the pulse multiplied by the mean energy gain of each electron:
(see Section III-C). At pulse durations longer than a few picoseconds, kinetic energy is during the pulse continuously transferred from the electron ensemble to heavy particles while it is gained from the incident laser light. This leads to an increase of the energy density with growing pulse duration. When the pulses are longer than a few tens of picoseconds, a similar dynamic equilibrium is also established between the energy transfer through recombination losses and the generation of free electrons by the laser light. The increase of energy density with becomes therefore even faster (Fig. 6 ). For pulse durations longer than the recombination time, a change of the slope of the curve can only occur because of alterations of the time evolution of the electron density. In the nanosecond range, where is largely constant (Fig. 1) , the calculated energy density is proportional to the laser pulse duration.
The strong pulse duration dependence of the plasma energy density explains the experimental observation that the intensity of the plasma luminescence decreases with decreasing pulse duration until the luminescence is no longer visible for pulse durations of 3 ps or less [16] , [19] (at ps, cavitation bubble formation becomes the experimental criterion for optical breakdown in water). The pulse duration dependence of explains also why the mechanical effects (shock wave and cavitation) are far less pronounced with ultrashort laser pulses than with nanosecond pulses [17] , [19] . Femtosecond pulses allow one to create effects consisting of no more than a vaporization of the material in the breakdown volume whereas the minimal effects of nanosecond pulses are much more disruptive [8] , [14] , [19] .
Experimental estimates of the plasma energy density after laser-induced breakdown were obtained by measuring the volume of the breakdown region and the plasma absorption [8] , [19] . We found energy densities of 40 kJ/g for 6-ns pulses, 10 kJ/g for 30-ns pulses [8] , and less than 1 kJ/g for 100-fs pulses [19] . The calculated value for 6-ns pulse duration (150 kJ/g) is approximately four times higher than the measured value for the same pulse duration. This still appears to be reasonable considering the experimental uncertainties and the simplifying assumptions made in the model, particularly the neglect of the plasma expansion during the laser pulse, which leads to an overestimation of the energy density for long laser pulse durations. The values calculated for 100-fs and 30-ps pulses (150 J/cm and 550 J/cm , respectively) are by about one order of magnitude smaller than the experimental values. Both calculated values are, furthermore, much smaller than the evaporation enthalpy of water (2.5 kJ/cm ). They can, thus, not be correct, because optical breakdown in water is always accompanied by bubble formation [16] , [19] . A much better agreement with the experimental observations is achieved when the calculations for pulse durations of 30 ps or less are performed using a critical electron density cm . The values then change to 1.5 k/Jcm for 100-fs pulses and 5.5 k/Jcm for 30-ps pulses, which agrees within a factor of 2 with the experimental data.
The above results show that the assumption of cm made by Kennedy et al. [5] , [16] for femtosecond breakdown and by Niemz [22] for all pulse durations is much too low.
The calculated and experimental values of the energy density obtained for fs amount to only 50% of the evaporation enthalpy of water. This may have two reasons 1) Bubble formation is supported by thermoelastic effects. The tensile stress component of the bipolar stress wave produced by the thermoelastic expansion of the heated breakdown volume [39] reduces the vaporization energy as compared to isobaric conditions. 2) The power required for optical breakdown at 100 fs and a spot diameter of 4.4 m (see Table II ) is 1.69 MW. This is close to the critical power for catastrophic self-focusing which is MW for 30-ps pulses [40] (we are not aware of measurements of or of the nonlinear refractive index of water performed with fs-pulses).
Changes of the irradiance distribution by self-focusing may, therefore, locally increase the energy density above the average value for the whole breakdown region and thus facilitate bubble formation.
We conclude that the rate equation model leads to a fairly good agreement with experimentally determined plasma energy densities for pulse durations from 100 fs up to a few nanoseconds if cm is assumed for ps, and cm for nanosecond pulses. This assumption already led to good agreement with the experimental results for the breakdown thresholds (see Section V-B2).
The model does not yield reliable results for the plasma energy densities at pulse durations longer than a few nanoseconds, because it does not consider plasma expansion during the laser pulse. Furthermore, the assumption of constant rates for the various breakdown processes made in (1) becomes increasingly incorrect at long pulse durations, because the breakdown region is here strongly heated throughout the second half of the laser pulse when the water is transformed into a supercritical state. A change of the rates hardly affects the threshold calculations, because little heating occurs before the critical electron density is reached. It does, however, affect the modeling of the plasma energy density in cases where a high electron density prevails for a long time.
Breakdown thresholds in water have not yet been measured for pulse durations below 100 fs. We can infer from Fig. 6 that the threshold energy density at these pulse durations does not decrease below the value at 100 fs, because otherwise the breakdown criterion of bubble formation would not be fulfilled. The energy required for breakdown, however, may still decline because of the increase of the time averaged absorption coefficient shown in Fig. 5 . The breakdown energy may be further reduced by a spot-size reduction due to selffocusing which, for fs, becomes important even under tight focusing conditions [24] .
VI. CONCLUSIONS
The numerical solution of the rate equation for the free electron density under the influence of an intense laser pulse provided a consistent picture of the optical breakdown dynamics in aqueous media. It allows for the time evolution of the electron concentration to be followed and the contributions of multiphoton and cascade ionization as well as the influence of electron-hole recombination to be analyzed. On this basis, it was possible to derive the pulse duration dependence of various key features of breakdown: breakdown threshold, threshold sharpness, plasma absorption coefficient, and plasma energy density. We could explain the experimentally observed pulse duration dependence of the plasma transmission and why the mechanical effects associated with femtosecond breakdown are significantly smaller than those observed after plasma formation with nanosecond pulses. The best quantitative agreement with experimental data was achieved under the assumption that the critical electron density for breakdown is 10 cm in the femtosecond and lower picosecond regime, and 10 cm for nanosecond pulses.
